35 β-and γ-herpesviruses include the oncogenic human viruses Kaposi's sarcoma-36 associated virus (KSHV) and Epstein-Barr virus (EBV), and human cytomegalovirus (HCMV), 37
regulation of late gene transcription remains poorly understood, yet is known to be distinct from 86 host and early viral gene transcription. 87
Late gene transcription in the β-and γ-herpesviruses is divergent from that of the α-88 herpesviruses and has a number of unique features. First, β/γ late gene transcription is 89 regulated in part by a core promoter sequence 12-15 base pairs in length that has a TATT motif 90 followed by a RVNYS motif in lieu of the canonical TATA box found in early viral promoters and 91 in some cellular promoters (8-11). Additionally, late gene expression requires at least six viral 92 proteins, called viral transcriptional activators (vTAs), which form a complex at late gene 93 promoters (12) (13) (14) (15) (16) (17) . Little is known about the functional role these vTAs play in late gene 94 transcription. 95
The best studied protein in the vTA complex is a virally-encoded TBP mimic (vTBP), 96 encoded by ORF24 in the γ-herpesvirus Kaposi's sarcoma-associated herpesvirus (KSHV). 97
ORF24 is predicted to have a TBP-like domain in the central portion of the protein, which was 98 identified through an in silico protein fold threading analysis performed with BcRF1, the homolog 99 of ORF24 from Epstein-Barr virus (18). Indeed, ORF24 replaces TBP at late gene promoters 100 during infection, and a virus with mutations in the predicted DNA-binding residues in the TBP-101 like domain of ORF24 is unable to transcribe late genes (19) . Thus, β-and γ-herpesviruses 102 encode their own vTBP, which promotes efficient transcription from a distinct set of late gene 103 promoters. 104
While both cellular TBP and ORF24 (vTBP) bind DNA, a unique feature of vTBP is that 105 co-immunoprecipitation experiments revealed it additionally interacts with Pol II in cells (12, 19) . 106
In host transcription, recruitment of Pol II to promoters is mediated by TFIIB instead of a direct 107 protein-protein interaction between TBP and Pol II (20, 21). While other viral proteins have been 108 shown to directly or indirectly bind the Pol II CTD (22-24), none are thought to also bind 109 promoter DNA. In contrast, prokaryotic transcription is dependent on sigma factors that facilitate 110 both promoter selection and polymerase recruitment (25). We were therefore intrigued by the 111 possibility that vTBP is a unique bifunctional eukaryotic transcriptional activator and sought to 112 understand the basis of its ability to recruit Pol II. 113
Here, we demonstrate that interaction with Pol II is conserved across the ORF24 βand 114 γ-herpesvirus homologs and is mediated through a conserved motif in the N-terminus. We 115 identified a minimal N-terminal domain (NTD) that is sufficient for interaction with Pol II. Using 116 recombinantly expressed protein, we demonstrate that ORF24 makes a direct protein-protein 117 contact with the CTD of Pol II. Using pulldown assays and an in vitro reconstituted PIC 118 assembly assay coupled with negative stain electron microscopy, we determined that ORF24-119 NTD directly interacts with the Pol II CTD, and demonstrate that at least four heptapeptide CTD 120 repeats are required for this interaction. These findings suggest that vTBP is a fundamentally 121 unique protein when compared to other eukaryotic Pol II-interacting proteins, as it both directly 122 interacts with the Pol II CTD and binds promotor DNA to coordinate late gene expression. 123
124

RESULTS 125
A leucine-rich motif is necessary for interaction with RNA polymerase II across β-and γ-126 herpesviruses 127
We previously revealed that KSHV ORF24 co-immunoprecipitates with Pol II in cells, in 128 a manner dependent on three conserved leucine residues (L73-75; the RLLLG motif) in the N-129 terminus of ORF24 (19). β-and γ-herpesviral homologs of ORF24 from murine 130 gammaherpesvirus 68 (MHV68; mu24), Epstein-Barr virus (EBV; BcRF1), and human 131 cytomegalovirus (HCMV; UL87) have also been reported to interact with Pol II in cells (12, 19, 132 26 The RLLLG motif is well-conserved in all β-and γ-herpesvirus homologs, despite overall 140 poor sequence identity (Supplemental Figure S1 ), suggesting that this N-terminal region of 141 ORF24 homologs may also be necessary for Pol II recruitment. To test if the three conserved 142 leucine residues are involved in the homolog-Pol II interactions, we generated full-length wild-143 type or triple leucine mutants (3L_A) of UL87, mu24, and BcRF1 with C-terminal Strep tags, 144 transiently transfected plasmids encoding these constructs into HEK293T cells, and affinity 145 purified using StrepTactinXT beads. Similarly to ORF24, mutation of the RLLLG motif ablated 146 the interactions of all homologs with Pol II (Figure 1 ), suggesting that vTBPs interact with Pol II 147 through their respective N-terminal domains in a manner dependent upon this highly conserved 148 patch of residues. 149 150
The N-terminal domain of ORF24 is sufficient for interaction with Pol II 151
To next test if the N-terminal domain is sufficient for the Pol II interaction, we constructed 152 a series of N-terminal ORF24 fragments to identify a minimal region of the protein that retained 153 the Pol II interaction (Figure 2A) . Plasmids encoding full-length or truncated FLAG-tagged 154 ORF24 were transfected into HEK293T cells and immunoprecipitated using FLAG antibodies to 155 determine which ORF24 segments retained binding to endogenous Pol II. The smallest 156 fragment of ORF24 that retained the Pol II interaction consisted of amino acids (a.a.) 1-201, 157 which we termed the ORF24 N-terminal domain (ORF24-NTD) ( Figure 2B) . Notably, the 158 remainder of the protein (a.a. 202-752), which includes the vTBP domain and a region known to 159 interact with the vTA ORF34 (14), failed to co-immunoprecipitate Pol II. Thus, ORF24 contains 160 an NTD that is both necessary and sufficient for Pol II binding, which is separable from the other 161 two known functions of the protein. 162
Identification of a minimal Pol II-interaction domain in the βand γ-herpesviruses 164
We next sought to determine if the NTD of homologs of ORF24 was similarly sufficient 165 for Pol II interaction, with the goal of identifying whether the β-and γ-herpesviruses share a 166 common domain for polymerase recruitment. Based on the boundary of the ORF24-NTD 167 identified in Figure 2 and sequence alignments (Supplemental Figure S1 ), we designed 168 constructs for mu24, BcRF1, and UL87 that encompassed either an analogous NTD, or 169 versions of all the homologs where this domain is truncated by ten a.a. or extended by 25 a.a.. Figure 3A) . Notably, reducing the ORF24-NTD by even ten a.a. eliminated its ability to 178 interact with Pol II, suggesting that ORF24-NTD (a.a. 1-201) is, or is nearly, the minimal domain 179 for the Pol II interaction ( Figure 3A) . The mu24 and UL87 proteins showed a similar pattern, in 180 which the predicted domain equivalent to ORF24-NTD was sufficient for Pol II interaction, but 181 further truncation by 10 a.a. eliminated the interaction (Figure 3B, D) . In contrast, all truncations 182 of BcRF1 failed to interact with Pol II (Figure 3C ). 183
The above findings indicated that at least 3 of the vTBP homologs share a common N-184 terminal domain that, despite substantial sequence divergence, is necessary and sufficient for 185
Pol II binding but distinct from other known functional regions of the proteins. Previous data 186 demonstrated that the full-length vTBP from one virus cannot complement homologs in other 187 herpesviruses (12). However, we considered the possibility that the specific Pol II recruitment 188 domain might be functionally interchangeable between these vTBP homologs if the primary role 189 of this domain is to bring Pol II to late promoters. To test this, we generated chimeras of ORF24 190 wherein the ORF24-NTD (a.a. 1-201) was replaced by the minimal NTD of its homologs 191 (Supplemental Figure S2A) . These chimeras retain the region of ORF24 that we previously 192 identified as important for the ORF24-ORF34 interaction (14) as well as the ORF24 vTBP 193 domain (18) and C-terminal domain. We noted that the full-length homologs of ORF24 do not 194 interact with KSHV ORF34, despite conservation of an arginine (ORF24 R328) essential for the 195 ORF24-ORF34 interaction (14) (Supplemental Figure S2B ). However, each of the NTD 196 chimeras interacted with both Pol II and KSHV ORF34, suggesting that the minimal NTD is 197 sufficiently well-folded when fused to ORF24 a.a. 202-752 (Supplemental Figure S2C) . 198
Interestingly, although the minimal domain of BcRF1 alone failed to interact with Pol II by co-IP 199 ( Figure 3D) , it is capable of interaction with Pol II when fused to ORF24 (Supplemental Figure  200 S2C), suggesting that the BcRF1 minimal domain is sufficient for interaction with Pol II, but may 201 have properties not compatible with Pol II interaction when truncated in an in vitro setting. 202
We assessed the ability of the NTD chimeras to functionally complement ORF24 using 203 an established transfection-based late gene transcription assay (13-15). The six vTAs (ORFs 204 18, 30, 31, 34, 66 and either WT ORF24, its homologs, or chimeras) were co-transfected into 205 HEK293T cells, along with a firefly luciferase reporter controlled by the K8.1 late gene promoter 206 or, as a control, the early ORF57 promoter. A Renilla luciferase reporter was also included to 207 control for transfection efficiency. Consistent with previous observations (12), none of the full-208 length homologs could functionally complement ORF24 to activate the K8.1 promoter 209 (Supplemental Figure S3D) . However, the mu24-ORF24 chimera promoted transcription to 210 levels ~40% that of wild-type ORF24. Interestingly, neither the BcRF1-ORF24 or UL87-ORF24 211 chimeras were functional for late gene transcription, despite the fact that they could interact with 212 both ORF34 and Pol II (Supplemental Figure S3D ). This may suggest that the N-terminal 213 domain has additional functions or interactions beyond polymerase recruitment that mu24 is 214 able to maintain due to sequence similarity, or it may simply be that the mu24 fusion (but not the 215 BcRF1 or UL87 fusions) is positioned relative to the promoter and other vTAs in a manner 216 similar enough to ORF24 to be functional. Thus, although the minimal NTD of all vTBPs 217 interacts with Pol II, other contacts or functions may be necessary to successfully promote late 218 gene transcription. 219
The minimal Pol II interaction domain identified here varies greatly in length (191 a.a. in 220 mu24 vs. 248 a.a. in UL87) and in sequence, as no residues are conserved in both β-and γ-221 herpesviruses other than the RLLLG motif (Supplemental Figure S1 ). Despite this significant 222 variation, ORF24 and its homologs have evolved a shared mechanism for Pol II recruitment that 223 is primarily mediated by their respective N-terminal domains. 224
225
Negative stain electron microscopy of PICs with GST-ORF24-NTD suggests an 226 interaction with the Pol II stalk 227
We next sought to determine how ORF24-NTD interacts with Pol II within a minimal PIC. 228
To generate purified minimal ORF24-NTD for this purpose, we appended it to an N-terminal 229 glutathione-S-transferase (GST) tag, and achieved robust expression of the protein in E. coli, 230 similar to that of GST alone (Figure 4A ). We confirmed that GST-tagged ORF24-NTD retained 231 the ability to interact with Pol II using a GST pulldown with GST-ORF24-NTD and whole cell 232 lysate from HEK293T cells, suggesting that recombinantly expressed GST-ORF24-NTD is well-233 folded ( Figure 4B) . 234
To assemble a minimal PIC that includes ORF24-NTD, we used a streptavidin-235 immobilized DNA scaffold based on the super core promoter element (SCP) (28), which 236 contains the TATA, BRE, and INR core promoter elements ( Figure 4C ). Human TBP, TFIIA, 237 TFIIB, and TFIIF were purified from E. coli, and Pol II was immunopurified from HeLa cell 238 extracts (29). We expected that TBP binding to the TATA motif would initiate formation of the 239 PIC with binding of TFIIA and TFIIB, followed by Pol II and TFIIF recruitment, and then binding 240 of GST-ORF24-NTD. Therefore, any additional density beyond that seen in the well-241 characterized minimal PIC (DNA/TBP/TFIIA/TFIIB/Pol II/TFIIF) (28) could be attributed to 242
ORF24-NTD. 243
The minimal PIC was assembled by sequentially incubating the DNA scaffold with TBP, 244 TFIIA and TFIIB, Pol II and TFIIF, and GST-ORF24-NTD, followed by immobilization on 245 streptavidin-coated beads, and finally washing and elution from the beads (Figure 4C) . We Rpb1, which contains a linker followed by 52 heptapeptide repeats (2) that is not visualized by 261 EM due to its disordered structure. Docking of the crystal structure of Rpb1 from 262
Schizosaccharomyces pombe (PDB 3H0G) (31), in which the structure of the CTD linker region 263 is partially resolved and can be seen to extend along the surface of the stalk module, further 264
indicates that the ORF24-NTD may be interacting with the flexible CTD of Pol II (Figure 4H) . 265
Together, these observations suggest that the NTD of the ORF24 vTBP interacts directly with 266 one or more Pol II subunits, which would be a unique feature distinct from other characterized 267 eukaryotic viral or cellular transcription factors. 268 269
ORF24-NTD binds the CTD repeats of Rpb1 270
Based on the EM results, we hypothesized that ORF24 could be interacting with either 271 Rpb4/7, the Rpb1 linker, or the Rpb1 CTD heptapeptide repeats. We therefore assessed 272 whether recombinantly purified versions of each of these factors bound purified ORF24-NTD. 273
We first performed GST-pulldown assays with GST-tagged Rpb1 CTD or Rpb1 linker and 274 maltose-binding protein (MBP)-tagged ORF24-NTD. As a control, we also purified an MBP-275 tagged mutant version of ORF24-NTD, in which the three conserved leucines at positions L73-276 75 were mutated to alanines (ORF24-NTD-3L_A). This mutation renders the protein unable to 277 interact with Pol II in cells (19). Notably, WT ORF24-NTD bound to the Rpb1 CTD repeats, but 278 not to the Rpb1 linker region (Figure 5A) . This interaction was specific and mimicked the results 279 in mammalian cell lysate, as no binding to either CTD fusion was observed with ORF24-NTD-280 3L_A (Figure 5A) . We also performed Strep pulldown assays using ORF24-NTD-Strep and the 281 heterodimeric GST-Rpb4/Rpb7-His complex. Again, ORF24-NTD interacted with GST-CTD, but 282 not with GST-Rpb4/Rpb7-His ( Figure 5B) . Thus, recombinant ORF24-NTD directly interacts 283 with recombinant Pol II CTD repeats in vitro, and enrichment using tags on either the Pol II CTD 284 or on ORF24 allows for the isolation of the other. The lack of interaction with the CTD linker 285 domain or the Rpb4/7 stalk suggests that the CTD repeats are likely to be the primary point of 286
The CTD is a key regulatory component of Pol II, responsible for coordinating signals 288 through interactions with multiple transcriptional modulators (2). CTD binding proteins engage 289 with the heptapeptide repeats in a variety of ways, from recognition of a few residues of a repeat 290 (in the case of kinases that promote phosphorylation at conserved serines, threonines, or 291 tyrosines within a given repeat), to multiple consecutive repeats (in the case of Mediator (32)), 292 to recognition of the intrinsically disordered entire domain (in the case of newly-appreciated 293 phase-separated interactions (33, 34)). To determine which of these types of interactions occur 294 between the CTD and ORF24, we performed Strep pulldown assays with purified ORF24-NTD-295
Strep and recombinant GST-CTD constructs containing either 2, 4, 10, or 52 (full length) 296 heptapeptide repeats. The recombinant GST-CTD used in these assays was unphosphorylated, 297 as our previous results demonstrated that ORF24 co-immunoprecipitates only 298 hypophosphorylated Pol II from mammalian cells (19) . Notably, ORF24 interacted with 4x, 10x, 299 and 52xCTD, but failed to interact with either 2xCTD repeats or with control GST (Figure 5C) . Conserved residues in the ORF24-NTD are required for this interaction, suggesting that vTBPs 309 in β-and γ-herpesviruses have evolved a shared strategy for recruitment of Pol II to late gene 310 promoters. Domain swapping experiments between homologs suggest that the primary function 311 of the NTD of vTBP in β-and γ-herpesviruses is to recruit Pol II to the late gene promoter and 312 that the NTD is functionally distinct from the remainder of the protein. Our work conclusively 313 demonstrates that vTBP is unique among eukaryotic transcriptional activators in its ability to 314 simultaneously bind promoter DNA and Pol II, and that this strategy is conserved across the β-315 and γ-herpesviruses. 316
Eukaryotic PIC assembly is nucleated by the deployment of TBP onto the promoter DNA 317 by TFIID (35) and is followed by recruitment of other GTFs and Pol II. Unlike the direct interaction that occurs between the ORF24 vTBP and Pol II, the interaction between cellular 319 TBP and Pol II is bridged through GTFs. The β-and γ-herpesviruses have thus adopted a 320 solution reminiscent of bacterial sigma factors, wherein vTBP binds promoter DNA while also 321 recruiting the polymerase directly to the promoter (36). This raises the question of whether 322 vTBP-mediated Pol II recruitment alters the requirement or roles for other GTFs that contact Pol 323 II. Of particular interest is the role or presence of TFIIB, which both interacts with TBP and is 324 necessary for Pol II recruitment early in PIC formation, functions that may not be necessary in 325 the vPIC given the interactions mediated by vTBP (20, 37). In this regard, it has recently been 326
shown that the levels of some components of the Pol II transcriptional machinery, including The 2x and 4x CTD repeat inserts were ordered as a pair of oligonucleotides from IDT, 406 and the primers were annealed by cooling from 90°C to room temperature in a water bath. The 407 10x CTD repeat insert was ordered as a synthesized gene block from IDT ( Table 2) 
GST pulldowns 528
To test the interaction between GST-ORF24-NTD and Pol II from mammalian cells, 10 529 µg GST-ORF24-NTD or 10 µg GST was added to 20 µl of washed Glutathione Magnetic 530
Agarose beads (Pierce) along with 250 µg of 293T whole cell lysate. IP wash buffer (50 mM Tris 531 pH 7.4, 150 mM NaCl, 0.05% NP-40, 1 mM EDTA) was added to a final volume of 300 µl. The 532 samples were rotated at 4°C for 1 hour. Following the pulldown, the samples were washed with 533 IP wash buffer three times for 5 minutes each time. After the last wash, the protein was eluted 534 by boiling in 2x Laemmli sample buffer (BioRad). The pulldown to test the interaction between 535 GST-CTD repeats or GST-CTD linker and MBP-ORF24-NTD or MBP-ORF24-NTD 3L_A were 536 performed as described above. The elutions were resolved by SDS-PAGE followed by western 537 blot. 538
Strep pulldowns 539
To test the interaction between ORF24-NTD and Rpb4/7 or xCTD repeats, 5 µg of 540 ORF24-NTD-Strep was added to 10 µl of washed MagStrep "type 3" XT Beads (IBA) along with 541 10 µg of GST-Rpb4/Rpb7-6xHis or GST-xCTD repeats. SEC buffer (20 mM HEPES pH 7.4, 100 542 mM NaCl, 1 mM TCEP, 5% glycerol) including 0.05% NP-40 and 5 mM DTT was added to a 543 final volume of 300 µl. The pulldowns were rotated at 4°C for 1 hour followed by three 5 minute 544 washes. The protein was eluted by boiling in 2x Laemmli sample buffer. Elutions were resolved 545 by SDS-PAGE on a Stain-free gel (BioRad) followed by western blot. DNA was generated by annealing the single-stranded template strand DNA with equimolar 572 amounts of non-template strand DNA at a final concentration of 50 µM in water. The annealing 573 reaction was carried out by incubating at 98°C for 2 minutes followed by cooling to room 574 temperature at a rate of 1°C per second. 575 PICs were assembled in assembly buffer (20 mM HEPES, pH 7.9, 0.2 mM EDTA, 10% 576 glycerol, 6 mM MgCl2, 80 mM KCl, 1 mM DTT, 0.05% NP-40). DNA was used as a scaffold and 577 purified TBP, TFIIA, TFIIB, Pol II, TFIIF, and GST-ORF24-NTD were sequentially added into the 578 assembly buffer. Following assembly of the PICs, the reaction was incubated at 28°C for 15 579 minutes using a 1:10 dilution of magnetic streptavidin T1 beads (Invitrogen), which had been 580 previously equilibrated in assembly buffer. The beads were washed three times with wash buffer 581 (10 mM HEPES, 3% trehalose, 8 mM MgCl2, 100 mM KCl, 1 mM DTT, 0.025% NP-40). The 582 complex was eluted by incubation at 28°C for 1 hour in digestion buffer (10 mM HEPES, pH 7.9, 583 3% trehalose, 10 mM MgCl2, 50 mM KCl, 1 mM DTT, 0.01% NP-40, 1 unit µL-1 EcoRI-HF (New 584 England Biolabs)). After elution, purified PIC was crosslinked on ice in 0.05% glutaraldehyde for 585 5 minutes then immediately used for EM sample preparation. 586 587 Electron microscopy. Negative stain samples of PIC were prepared on a 400 mesh copper 588 grid containing a continuous carbon supporting layer. The grid was plasma-cleaned for 10 589 seconds using a Solarus plasma cleaner (Gatan). An aliquot (3.5 µL) of the purified sample was 590 placed onto the grid and allowed to absorb for 5 minutes at 100% humidity. The grid was then 591 placed sample-side-down on five successive 75 µL drops of 2% (w/v) uranyl formate solution for 592 10 seconds on each drop followed by blotting to dryness. Data collection was performed on a 593
Tecnai F20 TWIN transmission electron microscope operating at 120 keV at a nominal 594 magnification of 80,000X (1.5 Å/pixel). The data were collected on a 4k X 4k CCD (Gatan) using 595 low-dose procedures (20 e-Å-2 total dose per exposure), using Leginon software to 596 automatically focus and collect exposure images. 597 598 Image processing. Data pre-processing was performed using the Appion processing 599 environment (49). Particles were automatically selected from the micrographs using a difference 600 of Gaussians (DoG) particle picker (50). The contrast transfer function (CTF) of each
